Abstract: Solar water heater (SWH) performance has been analysed using the 'number of days' method for 147 different sites in all European countries. The total number of days that the temperature of delivered solar heated water reaches or exceeds specified demand temperatures is correlated with solar radiation on a horizontal surface for summer, warm half-year, and whole year periods. Maps are presented and discussed showing the contours for the number of days that an illustrative SWH met different hot water demand temperatures. Correlations between number of days water is provided at a specified temperature and solar fractions for the same periods are determined.
INTRODUCTION
Although an established technology, solar water heating is still undergoing significant research and development [1] . This has been devoted increasingly to the reduction of initial installed capital cost. In the European Union, there is a substantial and growing solar water heating market [2] , though its uneven development as can be seen from Table 1 reflects the relative effectiveness of market stimulation interventions. These may be aided by long-term performance characterization techniques understandable readily by consumers.
Solar water heater (SWH) design and longterm performance characterization methods have been categorized as [3, 4] : (a) utilizability based; (b) empirical correlations; (c) simplified analysis; and (d) 1-day repetitive simulations. Common to all such techniques is determination of a solar savings fraction. Yohanis et al. [5] proposed a method for SWH long-term performance characterization in which the number of days in each month (or in any given period of a year) when the temperature of solar heated water in SWH storage tank reaches or exceeds a specified demand temperatures is calculated. In addition to the 'solar savings fraction' [6] , this 'number of days' method provides easily understood alternative SWH performance information for a potential SWH user's particular location, thus simplifying consumer decision-making. In this paper, the 'number of days' method is applied for performance analysis of solar water heating systems across Europe and empirical correlations and geographic variations derived.
SOLAR WATER HEATING SYSTEM SPECIFICATION
A pumped circulation SWH consisting of a flat-plate solar collector, a thermally insulated hot water storage tank and connecting pipes is considered as shown in Fig. 1 . The circulation pump is actuated by a differential temperature controller, which interrupts water circulation in the system when the water temperature at the outlet from the collector falls below a specified value. Appropriate dead bands for temperature differences between inlet and outlet of solar collector are assumed to prevent unnecessary switching on and off of the pump. Water mass flowrate in the loop is assumed to be large enough (50 kgm 22 h 21 or higher) to provide a solar collector flow factor (F 00 ) approaching 1. The dependence of the solar collector heat removal factor, F R , on flowrate at this or a higher flowrate is thus negligible [7] .
The following points are assumed.
1. An auxiliary heater is installed in series rather than within the storage tank to provide supplementary heating if the temperature of water withdrawn from the storage tank is below that required. 2. Each day's consumption of hot water follows the same pattern and takes place in the evenings (for the base case, total daily hot water consumption is assumed to be equal to the storage tank volume). Daily distributed water consumption compared with only nighttime consumption results in higher solar fractions due to higher solar collector efficiencies arising from lower collector inlet temperatures fed from a store replenished with cold water during the day. Assuming evening water consumption therefore delineates a lower limit to the achievable provision of solar hot water that will be exceeded by most other daily hot water consumption profiles. 3. The storage tank and all connecting pipes are well insulated thermally. 4. Because the storage tank and connecting pipes are assumed to be well insulated, simultaneous proportional changing of total solar heated water consumption volume V day , store volume V st , and collector area A sc SWH system operation are assumed to give equivalent thermal performance. 5. The water in the storage tank is well mixed thermally, that is, there is no temperature stratification of the water inside the tank. A stratified tank, as would be likely to ensue in reality, would provide a higher draw-off temperature. Assuming a well mixed tank thus determines a lower bound to actual performance. 6. The solar collector is assumed to be single glazed, non-selective, and installed facing due south at an inclination to the horizon equal to each local latitude. The system parameters used are given in Table 2 .
The solar collector area was varied in the range of 1 -4 m 2 . Demand temperatures of 37, 45, and 55 8C are considered. TRNSYS [8] was used to generate the hourly meteorological data in the form of typical meteorological years (TMY) for each site considered using the online 'RETScreen' database [9] to provide average monthly climatic data for each site. The uncertainty of TMY generation has been discussed in reference [7, 8] . The number of days (N) in each month of the year when the water temperature in the storage tank reaches or exceeds the specified demand temperature was determined by hour-by-hour simulation carried out using TRNSYS [8] . SWH simulations were carried out for the 147 European sites listed in Table 3 . 
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RESULTS
The number of days that the temperature of water in the storage tank reaches or exceeds specified demand temperatures as a function of total solar radiation and collector surface area for different time periods is shown in Figs 2 Fig. 2 The number of days for which the temperature of water in the storage tank reaches or exceeds specified demand temperatures as a function of daily total solar radiation on horizontal surface for a collector area of 1 m 2 and for the whole year Fig. 3 The number of days for which the temperature of water in the storage tank reaches or exceeds specified demand temperatures as a function of daily total solar radiation on horizontal surface for a collector area of 2 m 2 and for the whole year combine high solar radiation with relatively lowambient temperatures. For these locations, the relative dispersion of data increases with increasing total solar radiation. This is because in mountainous areas, there are wide differences in ambient temperature (the principal determinant of heat loss from the collector) for similar levels of insolation. Contour maps of the variation of 'number of days' are shown in Figs 11 to 13 for demand temperatures of 37, 45, and 55 8C, respectively.
CORRELATION OF TYPICAL SWH PERFORMANCE
For a specified demand temperature, the number of days that specified hot water demand temperature could be satisfied, N, may be assumed to depend solely on the total insolation for the period of year considered. For a particular demand temperature, demand profile and system specification, N, may then be determined for any location solely as a Fig. 4 The number of days for which the temperature of water in the storage tank reaches or exceeds specified demand temperatures as a function of daily total solar radiation on horizontal surface for a collector area of 3 m 2 and for the whole year Fig. 6 The number of days for which the temperature of water in the storage tank reaches or exceeds specified demand temperatures as a function of daily total solar radiation on horizontal surface for a collector area of 2 m 2 and for the period April to September Fig. 7 The number of days for which the temperature of water in the storage tank reaches or exceeds specified demand temperatures as a function of daily total solar radiation on horizontal surface for a collector area of 3 m 2 and for the period April to September 
For summer, N max ¼ 92 days; for April to September, N max ¼ 183 days; and for the whole year, N max ¼ 365 days. If the total solar radiation is less than a minimum threshold value of total solar radiation on horizontal surface, I 0 , then the SWH will be unable to heat water to the specific demand temperature. The minimum threshold insolation increases with increase in specific demand temperature and decreases with increasing solar collector area per unit store volume. The number of days during which the solar heated water temperature exceeds the specified demand temperature is limited to the total number of days in the period under consideration. When the total number of days is reached, the water temperature in SWH storage tank will obviously exceed the specific demand temperature for every day within the period. The latter is associated with a maximum threshold value of insolation, I max. I 0 and I max depend on the solar collector area and the duration of the period under consideration with relationships of the form
Coefficients 'a', 'b', 'c', and 'd' have been obtained from calculations using the least-squares method; the values of these coefficients are given in Table 4 are only valid for collector areas in the Fig. 8 The number of days for which the temperature of water in the storage tank reaches or exceeds specified demand temperatures as a function of daily total solar radiation on horizontal surface for a collector area of 1 m 2 and for the period June to August Fig. 9 The number of days for which the temperature of water in the storage tank reaches or exceeds specified demand temperatures as a function of daily total solar radiation on horizontal surface for a collector area of 2 m 2 and for the period June to August Fig. 10 The number of days for which the temperature of water in the storage tank reaches or exceeds specified demand temperatures as a function of daily total solar radiation on horizontal surface for a collector area of 3 m 2 and for the period June to August range 1 -4 m 2 and total solar radiation on horizontal surface in the range 1.08 -2.16 GJ m 2 for summer, 1.8 -3.6 GJ m 22 for the warm half-year, and 2.52 -5.4 GJ m 22 when the whole year is considered. The inaccuracy in determining the number of days for which a specified demand temperature is satisfied arising from using equations (1) and (2) is in the range 10-30 per cent due to the approximation error; the error is the smallest for high values of total solar radiation.
SENSITIVITY OF SWH PERFORMANCE TO SOLAR COLLECTOR PARAMETERS
Many solar collectors have one transparent cover and do not have a selective coating [10, 11] . Their overall heat loss coefficient (U L ) varies in the range 5.5 -7.0 W m 22 K 21 and their optical coefficient (ta) varies in the range 0.78 -0.8. As the range of ta is small, sensitivity analysis has been carried out only for U L . As A sc increases, N depends more on insolation and the influence of U L on N is reduced. Data dispersion depends mainly on geographical location of sites; the other parameters are the periods of year, specific demand temperature, and A sc considered. Considering this dispersion as random, the influence of U L can be estimated [12] for the European locations considered
where brackets denote averaging for all variants. Thus, U L changing from 7 to 5 W m 22 K 21 increases Fig. 11 Contour maps of the number of days in a year for which the temperature of water in the storage tank reaches or exceeds 37 8C for Europe N by 13 per cent and increasing of U L from 7 to 9 W m 22 K 21 decreases this value by 14 per cent.
CORRELATION BETWEEN 'NUMBER OF DAYS' AND 'SOLAR A FRACTION'
The results of calculation of 'number of days' and 'solar fractions' for SWH with storage tank volume of 100 l and daily water consumption of 100 l day 21 for two periods of SWH operation (whole year and April to September) and all considered sites in Europe are shown in Fig. 14 . For both cases, the solar collector surface area was varied in range of 1-4 m 2 ; the specified demand temperatures were 37, 45, and 55 8C. The solar fraction for each day is calculated as shown below, where the initial temperature of the water in the storage tank is 10 8C.
If solar preheated water temperature to the end of a day was equal to or higher than the demand temperature, the solar fraction was considered as equal to 1. Average solar fraction for both considered periods of year was calculated as the ratio of the sum of daily solar fractions to the amount of days in the period. N was normalized to the amount of days in each period too.
All correlation data points were plotted on a graph of normalized 'number of days' versus average solar fraction for considered periods of year as shown in Fig. 14 . The lower the normalized number of days, Fig. 12 Contour maps of the number of days in a year for which the temperature of water in the storage tank reaches or exceeds 45 8C for Europe the wider data arrays distribution along the solar fraction axis. For higher values of solar fractions and specific number of days, there was less spread of data points.
CONCLUSION
Correlations have been established for the number of days a specified hot water demand temperature can Fig. 13 Contour maps of the number of days in a year for which the temperature of water in the storage tank reaches or exceeds 55 8C for Europe be satisfied by a SWH without the use of auxiliary heating for 147 European locations for a whole and part year periods. The accuracy in determining the number of days is in the range 10 -30 per cent; the error is the smallest for higher values of total insolation. An example of using the correlation to estimate the performance of a SWH for any location in Europe is provided in Appendix 2 for solar collectors with areas and specifications corresponding to those used in this study. If the latter is not the case, the 'number of days' and the terms I 0 and I max may be calculated using equations (1) and (2), respectively. The coefficients a, b, c, and d may be obtained from Table 4 for the period under consideration. Figures 11 to 13 show that with increasing altitude, particularly in the Alps, contours deviate with greater irregularity from a broad alignment with latitude. The effect of higher summer ambient temperatures associated with the prevailing continental climate in northern Europe can also be seen in the form of the contours in the region of the southern Baltic Sea. (As solar energy collection is more limited in winter, the cold winters also associated with a continental climate have less effect.) Higher demand temperatures entail a larger difference between SWH and ambient temperatures and thus increased system heat loss. As they influence ambient temperature, both altitude and continental climate effects on heat loss become more pronounced at higher demand temperatures. In south-west Spain, maritime cloud cover leads to lower insolation in south-west Spain as shown in Fig. 15 in the crucial summer period. In colder part of year, there are more days when water is not heated to the specified demand temperatures, therefore in Fig. 14, whole year date points sit below April-to-September data. The solar fraction threshold below which the normalized number of days is zero is 0.3 for April to September and 0.5 for the whole year. (These values for the whole of Europe are very similar to those for London and Northern Ireland [5] conditions.) It is thus not possible for the particular SWH considered to provide hot water at a specified demand temperature of 37 8C or above throughout the year without the use of auxiliary heating at any location in Europe.
Taken with cost and product quality information, the production of contour maps as described in this paper to show the geographic variation of the performance of different SWH would aid both system selection for designers and the definition of appropriate markets for manufacturers. As an example of the estimation of the performance of SWH using the correlation developed earlier, a SWH at Kew near London is considered. The total insolation on a horizontal surface for whole year, half-year, and summer are 3.23, 2.51, and 1.43 GJ m 22 , respectively [9] . To estimate the solar collector area (A SC ) for a half-year operating period, the following procedure is adopted. For a daily hot water requirement V day ¼ 100 l, using Fig. 5 , determine the 'number of days' (N) for a specified temperature (t Ã ) for 2.51 GJ m 22 total insolation on a horizontal surface for half-year period operation for collector areas (A sc ) of 1, 2, and 3 m 2 :
APPENDIX
(a) for This is based on daily consumption of 100 l and a storage volume of 100 l as well. If the required daily consumption is different, say 300 l, a scaling method can be applied. The storage volume as earlier will be taken to be the same as the daily requirement, i.e. 300 l. The collector area (A sc ) is scaled by the ratio of daily requirement to storage, i.e. A sc (V day /V st ). In this case, the scaling factor will be equal to 3; this means that the new collector area will be three times larger. All the earlier calculations are based on the base case as given in Table 2 .
